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The concept of spatial filtering is 
treated in relation to laser anemometry. The 
basic techniques are analyzed. Recommenda­
tions for specific set-ups are given.
INTRODUCTION
In laser anemometry it is of primary im­
portance to know from where in space the ex­
tracted signals originate, and it is espec­
ially important to know how to minimize sig­
nals carrying information alien to the object 
of the measurement. Failure to do this can 
often explain why a set-up gives erroneous 
results or completely fails to work.
Spatial filtering is the process of re­
trieving light of given spatial properties 
and rejecting other kinds of light. Three 
methods (which are somewhat interrelated) 
are treated: (1) Filtered images and apo- 
dization [1], (2) the heterodyning process 
as a spatial filter, (3) limiting the field 
of* view; their implementation is shown. The 
effect of spatial filtering on signals gen­
erated outside the measuring volume and on 
signal statistics is mentioned. The last 
point is relevant when one wants to evaluate 
how large a fraction of the photocurrent 
power carries the desired information, and 
also when evaluating the effect of velocity 
gradients within the measuring volume.
Finally, some practical examples are 
given where these concepts are incorporated.
The analysis is of particular relevance 
to the Doppler anemometer, but some of the 
results are applicable to the "correlation" 
or "time-of-flight" anemometer as well [2],
BASIC OPTICAL SET-UP
The basic optical model is essentially 
an extended version of that given in refer­
ence 3 . Figure 1 shows the optical set-up 
in the form of a laser Doppler anemometer.
The transmitter incorporates the light source 
(laser), some beam shaping device (perhaps 
a beam splitter), and a transmitting lens.
This lens generates the spatial Fourier 
transform in the right focal plane of the 
scalar field distribution in the left focal 
plane. The right focal point is the centre of 
the measuring volume. The receiver incorpor­
ates two lenses which perform a double 
Fourier transform, i.e. they generate an im­
age in the pinhole plane of the measuring 
plane convoluted with the Fourier transform 
of the aperture pupil function [3], The pos­
ition and size of the aperture determine the 
operational mode of the anemometer (i.e. 
reference-beam; dual-beam or differential, 
coherent or incoherent). The distance between 
and diameters of the two lenses determine the 
field of view. The pinhole will only allow 
light within the ideal image of the measuring 
volume to be passed to the photodetector.
In figure 1 the set-up is shown in a 
forward scattering configuration. By "folding" 
the receiver around an axis in the measuring
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Figure 1. Basic optical set-up for a laser Doppler anemometer. The position and 
diameter of the aperture determines the operational mode.
plane the configuration is converted into a 
back-scattering set-up. In such a set-up one 
lens may be common to both receiver and 
transmitter.
Now, information about the velocity is, 
of course, derived from light scattered in 
the measuring volume. However, light is 
scattered (or reflected/refracted) from 
other parts of space too. These "parasitic” 
signals will generally reduce our ability to 
obtain the desired velocity information.
This can be because of the "extra" shot 
noise induced, or because a parasitic beam 
heterodynes with scattered light, or because 
the parasitic signal itself possesses dynam­
ic components not easily separable from the 
Doppler signal itself.
Let us try to identify some of the 
(possible) parasitic signals:
(a) Particle scattering from the vicin­
ity of the measuring volume (which 
gives the familiar "bow-tie" im­
age).
(b) Scattering caused by contamination 
on windows and optical components; 
reflections and/or scattering from 
enclosing walls.
(c) "Parasitic" beams caused by higher 
order reflections.
(d) Background radiation (remote at­
mospheric measurements with vis­
ible light).
We shall now consider the function of 
the various components of the receiver with
regard to their spatial filtering ability 
and impact on the statistics of the Doppler 
signal.
FILTERED IMAGES AND APODIZATION
Let the field in the measuring plane be 
UQ and let the scattering particles be rep­
resented by a sum of weighted delta func­
tions ,
G = £ m 6(r-r.) (1)
L p — —l
where r^ is the position of the i'th particle, 
The pupil function of the aperture is h(x,y). 
The field at the left side of the pinhole 
plane (fig. 1) is [3],
Up = u0 l  mp <5(r-ri)»<f{h} (2)
where ^ {h} = H is the Fourier transform of h
evaluated at the frequencies f = x/XF andx
f = y/XF. It is assumed that the directly 
transmitted beams are blocked (differential 
mode ).
Now, the effect of the aperture - as can 
be seen from equation 2 - is to blur the im­
ages of the point particles. If the diameter 
of the aperture is very large, then the blur 
will be very small (of the order of one di­
vided by the aperture diameter); the par­
ticles are distinguishable and the photo­
current will contain no contributions caused 
by mixing of beams scattered by different
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particles (non-coherent detection). The pin­
hole will in this case act as an efficient 
spatial filter. As the aperture diameter de­
creases the blur increases; when the blurred 
images of two particles overlap, beat notes 
caused by mixing of beams from the two par­
ticles will occur. In the limit of blurred 
images larger than the pinhole, we get het­
erodyning between all beams [4] [3] (coher­
ent detection), but the spatial filtering 
ability of the pinhole has vanished: there 
is a trade-off between resolution and "het­
erodyning". (In this context it can be men­
tioned that it is indeed possible to get a 
Doppler signal in a differential mode set-up 
although the two incident beams do not in­
tersect ).
Another point related to the aperture 
size is the modulation depth of the photocur­
rent. A non-coherent set-up will give a low 
modulation depth (assuming many particles in 
the measuring volume), i.e. an inefficient use 
of the collected light power. A coherent set­
up will give a high modulation depth, but the 
amount of power which can be collected from 
the measuring volume is limited; at the same 
time the rejection of light originating from 
outside the measuring volume is poor.
It is an apodization problem to design 
transmission functions to be located in the 
aperture and pinhole planes, respectively, 
under the constraint of a certain maximum 
aperture so as to maximize the amount of 
collected light power containing the desired 
information and at the same time minimize the 
power of all other "kinds" of light. It may 
be possible to solve the problem rigorously 
in a few cases; we shall not try to do this, 
but rather consider some measures that allow 
for improved performances.
In appendix I is computed the ratio be­
tween the power collected from a point par­
ticle placed in the middle of the focal 
volume and the power collected from an 
equivalent particle placed at some other 
point in space. It is assumed that the width 
of H = {h} is much smaller than the pin­
hole of radius r . On the optical axis (z- 




„ = r (a/F) . (3) o o
z = 0 at the center of the measuring volume. 
Equation (3) is sketched in figure 2a. Block­
ing the central part of the aperture with a 
disc of radius a^ implies an attenuation 
curve as shown in figure 2b.
a.
b.
Figure 2. The relative power received 
by the photodetector from a 
point source (particle) 
versus the position of the 
source, a. A circular aper­
ture. b. An annular aperture.
We note that curve (b) "takes off" at 
the same point as (a), but goes down to zero 
at z = r F/a^. 2° principle it should be 
possible to retain a given length of the 
measuring volume and at the same time get
an arbitrarily sharp cut-off. Naturally this 
is impossible. Diffraction will in any case 
make the sharp cut-offs in fig. 2 less pro­
nounced than predicted by geometrical optics 
- the smaller the aperture opening the larger 
the diffraction effects. An annular aperture 
does in general have less "pleasant" diffrac­
tion effects than a simple circular aperture 
(Appendix II).
In a Doppler set-up it is especially 
relevant to look at the attenuation along 
the directions of the laser beams, i.e. for 
a position vector
r = (z tg a, 0, z)
where a is half the angle between the in­
cident beams. Figure 3 shows from which 
parts of space no light will go through the 
pinhole. A central stop is less efficient in 
rejecting light from particles off the z- 
axis than from those on the z-axis (figure 
3a). Figure 3b shows the effect of an annular 
ring (the aperture is an "inverted" version 
of that in figure 3a). However, an infinite 
aperture is not possible so figure 3c rep­
resents a more realistic approach: There is 
a total rejection of light within specific 
angular directions - which, of course, should 
include the directions of the incident laser 
beams. The diffraction effects have a smaller 
unwanted effect on the spatial filtering 
ability than in figure 3a. For optimum fil­
tering the area of the central opening should 
be equal to that of the annular (see refer­
ence [5] and appendix II ). If the width of 
the apertures is chosen to match the co­
herence criteria, then we also obtain a large 
modulation depth [13]. Further reduction will 
reduce both the collected light power and the 
spatial filtering ability of the receiver.
a.
b.
Figure 3. The shaded areas indicate from
which parts of space no light will 
reach the photodetector with (a) 
an annular aperture, (b) an annu­
lar stop, and (c) an annular and 
central aperture.150
THE HETERODYNING PROCESS AS A 
SPATIAL FILTER
As mentioned in the preceding section, 
there is a trade-off between heterodyning and 
resolution. If the aperture is so large that 
heterodyning is only performed between beams 
scattered from the same particle, then we 
will only get a Donpler signal from particles 
illuminated by both beams. In itself this 
will not reduce shot noise caused by scatter­
ing outside the measuring volume. In a refer­
ence beam set-up the power of the reference 
beam is usually much larger than the power of 
the scattered light, so also in this case it 
is sensible to use the heterodyning process 
to select the measuring volume.
In this context it may be worth while to 
briefly review how the contributions from the 
particles are superposed.
A dual-beam (differential) set-up can 
either be coherent or incoherent. In a co­
herent set-up there are contributions from 
both the individual particles and from beat- 
notes caused by mixing of beams from differ­
ent particles. In an incoherent set-up con­
tributions from individual particles will 
dominate; although "coherent" contributions 
can be made by particles with roughly the 
same (x,y )-posit ion, but different z-posi- 
tions, since the condition for heterodyning 
between beams from particles separated along 
the z-axis is generally weaker than for sep­
aration in the x-y plane [6] .
In a reference beam set-up - which 
necessarily has to be "coherent" - only con­
tributions caused'by the mixing of beams 
from "individual" particles with the refer­
ence beam will be significant (i.e. no cross- 
part icle terms).
If no velocity gradients are present 
within the measuring volume, the question of 
set-up mode will primarily be a question of 
signal-to-noise ratios (detector shot noise 
and amplifier noise) [7j and of (most im­
portant) what is practically feasible. How­
ever, if velocity gradients arc present, 
cross-particle contributions will cause an 
extra broadening (extra with respect to the 
broadening that would be encountered with no
cross-terms), which in the case of "instan­
taneous" detection will give a larger "am­
biguity noise" level [8], and in the case of 
spectral analysis can give additional compu­
tational problems, but also reveal gradients 
which otherwise might be hidden. (See appen­
dix III).
THE FIELD OF VIEW
According to equation 3 the attenuation 
of a point source on the z-axis is propor­
tional to the square of the distance from the 
measuring volume. Introducing an apodized 
aperture can improve the filtering ability 
but only for certain directions. There will 
always be directions for which the attenu­
ation is proportional to (no more than) the 
distance squared.
If the number of particles within a
2given solid angle increases with z (i.e. a 
constant density), then the total contribu­
tion to the photocurrent will be independent 
of the distance. This is usually the case for 
background radiation as encountered in the 
atmosphere. Therefore, if one wants to make 
measurements in the atmosphere with visible 
light, it may be mandatory to introduce 
measures other than those already described, 
in order to reduce the effect of background 
radiation. A spectral filter (interference, 
Fabrv-Perot or a combination) will help. To 
stay within the scope of this paper, we shall 
only consider what can be obtained by reduc­
ing the field of view.
Let the two receiver lenses (figure 1) 
be of equal radius, a, and separated by a 
distance d, then the field of view is
i.e. sources in the focal plane will only 
contribute to the photocurrent if they are 
positioned at an angular distance from the 
optical axis of less than 0.
The contribution from an even distribu­
tion of sources at infinity is proportional oto (rQa/F) , if d = 0. A lens spacing of £ + F, 
where £ > 2F, will give an attenuation of 
(r a £/F)^, provided £ + F << a^/X. If this is
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not the case diffraction effects will come
into play. That this limitation is without
practical importance can be seen from the_ 3following example: Let A = 0.5*10 mm, a = 
EXAMPLES OF SET-UPS
10 mm and F = 100 mm, this gives a /A = 200 m 
(meters'.). Any kind of field stop between the 
lenses will give the same attenuation of 
signal and background radiation.
2
A time-of-flight (correlation) anemometer
Figure 4. Backscattering set-up measuring the time-of-flight between two focal 
spots. The beam spacing and focal diameters are 0.5 mm and 20 pm, 
respectively. The focal length of the two major lenses are 0.5 m 
and the aperture diameter is 0.14 m.
Figure 5. Cross-correlation curve obtained
by measuring in a free jet (nozzle: 25 mm
in diameter) with the set-up in Fig. 4.
Horizontal scale: 100 pisec./div.
Count rates: n. = 3.9 * 10 counts/sec.
 ^ 4n^ = 4.2 x 10 counts/sec. 
Integration times for the count-rates:
'v 10 ysec.
Averaging time of the correlator: 0.8 sec. 
Transmitted laser power: 2 mW (measured 
right behind the focal plane).
Equipment used: Laser: Spectra-Physics 162, 
Argon ion with A = 488 nm.
Photomultipliers: Philips 150 AVP 
Photoncounter: Brookdeal 501 
Correlator: Hewlett-Packard 3721 A.
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Figure 4 shows a backscattering set-up 
which is able to measure air velocity with 
a low power laser and no artificial seeding.
The anemometer is based on measuring the 
time-of-flight between two small spots by 
cross-correlation [2] [7 ].
In this set-up a central stop is used 
to obtain the transmission curve of figure 2b, 
which is necessary in order to eliminate the 
effect of scattering outside the focal vol­
ume. Figure 5 shows an example of a measure­
ment in a free jet. The transit time broad­
ening is approximately 4% and the broadening 
of the correllogram is - 10%, which gives a 
turbulence intensity of - 9%. We note that 
the correllogram exhibits a skewness, which 
is expected on the basis of the theoretical 
analysis of reference [2].
A set-up for measuring wind velocity in the 
atmospheric boundary layer
We are presently involved in the build­
ing of a dual-beam backscattering Doppler
set-up for measurements in the very lowest 
layer of the atmosphere.The basis of the op­
tical configuration is essentially as de­
scribed in e.g. reference [ 9]; however, the 
signal processing is significantly different
[lo] and so is the actual lay-out of the op­
tics.
The transmitter and receiver have no 
common ontical components for several reasons
(1) The spacing between the transmitted beams 
should not be limited by the diameter of the 
receiver lens; (2) the (large) collector lens 
(or mirror) can be of poorer quality if no 
laser beams are to be transmitted through it 
(we use a Fresnel lens); (3) it is very dif­
ficult to prevent scattered light from opti­
cal surfaces from entering the receiver if 
components are shared. Figure 6 shows the re­
ceiver. It is seen that no aperture stops are 
incorporated, but the field of view is lim­
ited in order to reduce the effect of back­
ground radiation.
Fresnel lens
Figure 6. Receiver configuration for a backscattering Doppler set-up to be used 
for measurements in the lowest layer of the atmosphere.
CONCLUSION
This paper treats the concept of spatial 
filtering in relation to laser anemometry. It 
is shown possible to "tailor" the receiver 
in order to get special spatial filtering 
properties. This can be summarized in the
following very general comments:
Background radiation can be reduced by 
reducing the field of view, but not (rela­
tively) with an apodized aperture.
The depth of focus can be reduced with 
a central stop or an annular stop (usually 
preferable), which provides for a better re
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jection of light from outside the measuring 
volume, and (possibly) also a better resolu­
tion along the optical axis.
The connection between heterodyning and 
resolutions is pointed out,and the impact of 
the mode of the set-up - and specifically the 
receiver configuration - on the statistics of 
the photocurrent is discussed.
APPENDIX I
Let a "point" source be placed at r = 
(0,0,0) (centre of the measuring volume) and 
let it per unit solid angle radiate the power 
I . The power collected by the first receiver 
lens is then
P = I i r (a /F)2 . ( 1 .1 )o o •
where rQ is the pinhole radius. The "trans­
mission" T = P /P_ is then o z
\  ( 17t ) » I 2 1 - ro (F/a)
T(z) = (1.7)
, |z| < r (F/a)
Introducing a central stop with radius 




> M  l r0(F/ai )
r2-(a0z/(F-z))2 o 2
~( 2 27772 ^ »(a^-a2 )/F
(1.8)
(roF/ai ) i 1zl I ro(F/a2 )
0 » |z| > rQ(F/a2)
All this power will be transmitted through 
the pinhole to the photodetector.
Let the same point source be placed at 
r = (x,0,z). The power collected by the first 
lens is
T must be equal to zero for:
i ri + ro
1 r2 " ro
(1.9)
P = I ir(a/(F-z) )2 . o
Substituting equations 1.4 and 1.5 in 1.9 
yields
(The orientation of the z-axis is from trans­
mitter to receiver. ) From the lens equation 
we get that the image is positioned at
ri = ( x£,0,Fz/F-2z) (1.3)
where r^ has its origin in the centre of the 
pinhole. The radius of the "image" in the 
pinhole plane is
i-' - - ? 1 - 1 - n m (1.4 )r |Z.| a |F*zi| |F-z|
The centre of the "image" 
(xi*yi* ~ where
is located at
x' = -x F/(F-z) . (1.5)
For x = 
through
P2
0 we get that the power transmitted 
the pinhole is 
r2
r p — °
= <
(r* )77? r' > r — o
r* < r — o
( 1. 6 )
| x I >_ (1/F)(a1|z| + rQ |F-z|)
| x | <^ (1/F)(a2 J z | - r0|F-z)
(1.10 )
APPENDIX II
We shall here give some very simple 
properties of the diffraction patterns of the 
central and annular apertures, respectively. 
The patterns are given by the two-dimensional 
Fourier transforms of the aperture pupil 
functions (see e.g. equation 2). For a circu­
lar symmetric pupil function given -in polar 
coordinates the transform is given by the 
(one dimensional) Fourier-Bessel transform 
[13] .
For a circular aperture the pupil func­
tion is
h = c irc(7)a




and the transform 
J,( 2irpa)
H = -------- where ppa 1 t 2 \ 1 / 7T f  <x >
(II.2)
For large p the envelope of J-^ (x) is propor­
tional to l//x, so the power will go as
|H|2 % 1/p3 . (II.3)
An annular aperture will give a dif­
fraction pattern given by
J^(2irpa^)/pa^ - J^( 2npa2/pa2 ), which also for 
large p will give a (power) behaviour like 
equation II.3, provided a^-a^ is comparable 
to a^. In the case of a very narrow annular 
aperture where a^ = a2 , the pupil function 
can be represented by a delta function:
h(r) = c6(r-a) (II.u)
where the normalization has to be done so 
that the integral of h equals the area of 
the actual opening.
The transform of II.4 is
H( p ) = 2TraJQ( 2nap ) . (II.5)
For large p the envelope of JQ(x) is (also) 
proportional to l//x, so the power will in 
this case go as
|H|2 ~ 1/p (II.6)
which has to be compared with equation II.3. 
APPENDIX III
In a coherent dual-beam set-up the photo1 
current is given by
i * iz /oi
In an incoherent set-up 
i 'v I o.|Uo(ri)|2
(III.1>
(III.2)
omitting proportionality constants without 
importance for the present discussion, is 
the scattering cross-section of particle i.
In the coherent case the autocorrela­
tion of the photocurrent R(x) is in general 
related to the photocurrent of the scalar 
field in a rather complex way. For a narrow 
band Gaussian process R(t) is essentially 
given by the square of the autocorrelation 
for the scalar field [12].
In the coherent case R(t ) can be cal­
culated directly on the basis of equation 
(III.2).
An example (two-dimensional):
Let the scalar field be
UQ(x,y ) = exp{ 1 x V‘ 2 r2o
} cos(Kx/2 )
(III.4)
and the velocity v = (v (1+y/l)t 0). If it is 
assumed that the velocity differences are 
small within the measuring volume (i.e.
I >> rQ ), the total spectral broadening is
(Aw) (Awd )2 + (y wD(ro/*))2 (III.5)
in both the coherent and incoherent cases. 
Up is the Doppler frequency and Aa)p is the 
transit time broadening.
Now, in the case of larger velocity 
gradients beat notes given by the relative 
velocity differences will play a role in a 
coherent set-up (i.e. extra broadening) but 
not in an incoherent.
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DISCUSSION
John Sullivan , Purdue University: Instead of using an 
annular stop, wKy not "bend" the optical system and 
"look" from a side direction?
Lading: In many cases that w ill do, but i f  one wants 
to optimize the ratio  between lig h t  carrying the de­
sired  ve locity  information and lig h t  a lien  to the ob­
je c t  of the measurement, more elaborate techniques have 
to be incorporated.
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